Introduction
Surfactant or polymer molecules undergo spontaneous self-assembly process and make a variety of structures in water or in oil 1-4） . They may assemble into micelles, liquid crystals, vesicles, and/or reverse micelles depending on the molecular structure of surfactant and/or solvent, composition, and temperature. Just above critical micelle concentration （cmc） spherical micelles are generally formed but it can be grown into cylindrical or wormlike （entangled networks） micelles tuning stimuli such as temperature, com-sembly of environmentally friendly biocompatible nonionic surfactants in various organic liquids, in particular, without incorporating water, and to optimize the system for free structure control of the reverse micelles. We constructed temperature-composition diagrams of several surfactant/oil systems and observed various self-assembled structures including reverse micelles, reverse vesicles, lamellar liquid crystals, α-and β-solid depending on the surfactant and solvent molecule structure, composition and temperature 4, 12） . Furthermore we formulated reverse micelles having different shape and size using diglycerol monolaurate and diglycerol monomyristate surfactants; however, reverse micelles were possible to form only at higher temperature after melting of solid or lamellar liquid crystal phases 4, 12） .
We have succeeded to formulate reverse micelles under ambient conditions of temperature and pressure using either long-chain diglycerol polyisostearate and polyglycerol monooleate surfactants or in aromatic liquids such as styrene, alkylbenzene 13-15） . The structure and dynamics of reverse micelles could be tuned playing with surfactant and solvent molecular structure, composition and temperature.
The potential application of reverse micelles includes solubilization, separation, extraction, and in drug delivery. Reverse micelles can solubilize water or other polar molecules in the micellar core. Solubilization usually modulates reverse micellar structure. Therefore it is essential to study water induced microstructure transformations of reverse micelles from the fundamental and application point of view. Here we report water induced microstructure transformations of diglycerol monolaurate （C 12 G 2 ） nonionic reverse micelles in ethylbenzene. Note that reverse micelles in this manuscript indicate thermodynamically stable reverse micellar solutions consisting of surfactant and hydrated water dispersed in solution phase. We have determined water solubility in the 5％ C 12 G 2 /ethylbenzene system and investigated microstructure transition using small-angle X-ray scattering （SAXS） and rheometry. The SAXS data were evaluated by the generalized indirect Fourier transformation （GIFT） method and geometrical model fittings.
Experimental Sections

Materials
Diglycerol monolaurate （designated as C 12 G 2 and purity ＞91.1％） was a generous gift from the Taiyo Kagaku Co., Ltd., Yokkaichi, Japan. The surfactant was used as received. An aromatic organic liquid ethylbenzene with purity ＞ 99％ was purchased from Tokyo Chemical Industry, Tokyo, Japan. The schematic molecular structures of surfactant and ethylbenzene are given in Scheme 1.
Methods
Water solubilization
5％ C 12 G 2 /ethylbenzene solution was prepared in a clean and dry glass vial with a screw cap and mixed using a dry thermobath, vortex mixer and centrifugation. The sample was then stored at 25℃ in a water bath for 2 h to equilibrate. Water solubility was determined by visual inspection by titrating 5％ C 12 G 2 /ethylbenzene reverse micellar solution with water until phase separation. Samples for SAXS measurements were prepared at different concentration of water within the isotropic solution regime, mixed properly and stored in a temperature-controlled water bath at 25℃ for 2 h prior to the SAXS measurements. 2.2.2 Small-angle X-ray scattering （SAXS） SAXS measurements were carried out on the 5％ C 12 G 2 / ethylbenzene＋water systems at different concentrations of water at 25℃. The measurements were also performed at different of temperatures on the 5％ C 12 G 2 /ethylbenzene ＋0.80％ water system. We used a SAXSess camera （Anton Paar, Austria） attached to a PW3830 sealed-tube anode X-ray generator （PANalytical, Netherlands） operated at 40 kV and 50 mA and equipped with the Göbel mirror and a block collimator gave a focused monochromatic X-ray beam of Cu-K α radiation （λ＝0.1542 nm） with a well-defined line-shape. A thermostatic sample holder unit （TCS 120, Anton Paar） allowed us to control the sample temperature over a wide temperature range.
The 2-D scattering pattern was recorded on an imagingplate （IP） detector （a Cyclone, Perkin Elmer, USA） and integrated into one-dimensional scattered intensities, I
（q） , as a function of the magnitude of the scattering vector q＝ （4π/λ） sin （θ/2） using SAXSQuant software （Anton Paar） , where θ is the total scattering angle. All measured intensities were semi-automatically calibrated for transmission by normalizing a zero-q attenuated primary intensity to unity, by taking advantage of a semi-transparent beam stop. All I （q） data were corrected for the background scattering from the capillary and the solvents, and the absolute scale calibration was made using water as a secondary standard. We used the generalized indirect Fourier transformation （GIFT） method 16-19） to evaluate the SAXS data and obtained real-space pair distance distribution function, p （r） , of the reverse micelles. Details on SAXS and GIFT/IFT are given elsewhere 20-27） .
Rheological measurements
Flow properties of reverse micelle solutions were studied Scheme 1 Schematic molecular structures of diglycerol monolaurate (C 12 G 2 ) and ethylbenzene.
by performing steady-shear rheological experiments on a stress-controlled rheometer, ARG2 （TA Instruments） , using a cone-plate geometry （diameter 60 mm with a cone angle of 1°） with the plate temperature controlled by a peltier unit, which uses the peltier effect to rapidly and accurately control heating and cooling. All the samples showed Newtonian fluid like behavior; viscosity is independent to shearrate. Zero-shear viscosity （η 0 ） was determined by extrapolating the plateau value to zero shear rates.
Densimetry
Densities of oil and reverse micellar solutions were measured at temperatures corresponding to SAXS measurement temperatures using a high precision DSA5000 densimeter （Anton Paar, Austria） . The DSA5000 instrument is based on the conventional mechanical oscillator method, which measures the natural resonant frequency of a Ushaped glass tube, filled with 1 mL sample.
Measurement of water content
Water content in surfactant and oil was determined by Karl Fisher method using CA-06 Moisture meter （Mitsubishi Chemicals Co., Tokyo, Japan） . The results showed that the C 12 G 2 and ethylbenzene contain 0.89 and 0.12％ water, respectively.
Results and Discussion
Water solubility
We found that 5％ C 12 G 2 /ethylbenzene solution can solubilize 0.80％ water at 25℃. Further addition of water caused a phase separation into a turbid solution. Water solubility increases in parallel to surfactant concentration showing a possibility of W/O microemulsion formulation at higher concentrations. In our previous investigations we found that 5％ diglycerol monomyristate （C 14 G 2 ） /ethylbenzene solubilize 0.3％ water at 25℃
13）
. On the other hand, 5％ diglycerol monocaprate （C 10 G 2 ） /ethylbenzene solubilize 2.0％ water. These results show that water solubility largely depend on the surfactant molecular structure; solubility increases with decrease in the surfactant chain length.
Effect of water on C 12 G 2 reverse micellar structure
A study of water induced microstructure transitions is very interesting as a small amount of water causes a huge modification in the micellar structure 28-34） . Here we have investigated effect of addition of a small amount of water on the geometry of ellipsoidal prolate micelle present in the 5％ C 12 G 2 /ethylbenzene system. Figure 1 shows the SAXS results; normalized X-ray scattered intensities, I （q） , and the corresponding real-space pair-distance distribution function, p （r） deduced by the GIFT evaluation of SAXS data for the 5％ C 12 G 2 /ethylbenzene＋water system at different concentrations of water at 25℃.
The scattering curve of the 5％ C 12 G 2 /ethylbenzene is modified noticeably upon addition of water. As it can be seen in Fig. 1, low-q scattering intensity, I （q＝0） , increases and the I （q） curve in the cross section region （1.6 ≤ q ≤ 3.2 nm -1 ） shifts towards the lower-q regime upon addition of 0.20％ water. Further increasing water increases the value of I （q＝0） , and cross sectional scattering intensity moves towards lower-q regime. These features can be regarded as a clear demonstration of the water-induced simultaneous changes in the maximum dimension, D max , and the internal cross section structure of reverse micelles 35） , i.e., the growth is 2-dimensional （2-D） , which can better be seen in real-space structure function shown in Fig. 1b-c . The D max , as indicated by down arrows, increases with water, and position of the maximum of p （r） in the p （r） curves, r max , moves towards the higher-r regime. Increase in r max with water is clearer in the normalized p （r） function; plot of p （r） /p （r max ） vs. r, presented in Fig. 1c . We have also checked if the added water causes any modification in the micellar shape. For this purpose, we have plotted a master curve; normalized p （r） /p （r max ） vs. r ＊ （r/r max ） （ see Fig. 1d） . Here the curves for the 0 and 0.2％ water systems lie on top of each other. A small deviation occurs in the higher-r ＊ side of the master plot at higher water concentrations showing a small modification in the micellar shape.
In order to investigate the internal cross-sectional structure, we used the indirect Fourier transformation （IFT） method and obtained cross-sectional pair-distance distribution function, p c （r） . The radial electron density distribution profile, Δρ c （r） is then possible to obtain with the deconvolution of the p c （r） . The details can be found . Figure 2 shows p c （r） and Δρ c （r） for the 5％ C 12 G 2 /ethylbenzene system at different concentration of water. The p c （r） functions represent typical homogeneous aggregate structure. The maximum cross section diameter, D c max , increases ca. 2.20 to 3.77 nm upon incorporation of 0.8％ water （see Fig. 2a） . Note that positive electron density profiles in Fig. 2b confirms electron rich hydrophilic reverse micellar core. The maximum core radius （R c max ） estimated from the Δρ c （r） profile increases ca. 1.10 to 1.88 nm upon incorporation of 0.8％ water. These results show that water also modulates the internal cross-sectional structure of reverse micelles.
We have performed geometrical model fittings to check the consistency of the GIFT method in our systems and from the results of model fittings we determined the geometrical parameters; short and long axes of ellipsoidal prolate, and micellar aggregation number （N agg ） . The calculations were done based on the method reported elsewhere fittings （solid lines） and GIFT method （dashed lines） and the p （r） obtained from model fittings （solid lines） with the GIFT method （symbols） . Note that an ellipsoidal prolate model is able to explain the shape and size of p （r） curves with a notable deviation in the high-q regime of the experimental I （q） functions （see Fig. 3a） . The absence of the theoretically predicted minima in the high-q part of the experimental I （q） could be attributed to the polydispersity in size and/or small electron density fluctuations inside the micellar core as described by Glatter.
37）
. The geometrical parameters obtained from model fittings （supplied in Table 1） well support the results deduced from the GIFT method. The N agg increases ca. 44 to 405 upon incorporation of 0.80％ water demonstrating that water causes a significant micellar growth including an increase in the total number of surfactant molecules per micelle. Water induced micellar growth can be explained in terms of （a） formation of water pool （bulk water encapsulated） in the micellar core. This may be the reason of micellar growth in 2-dimensions （D max and r max ） , and （b） addition of water may hydrate the surfactant' s hydrophilic headgroup, which in turn increase the overall cross-sectional area of surfactant and decreases the critical packing parameter, cpp. A decrease in the value of cpp implies the aggregates with less negative curvature.
In Table 2 we present the structure factor parameters obtained from the GIFT method. We noted that effective volume fraction of surfactant and interaction radius increase with water concentration. Increasing volume fraction may be caused due to hydration of surfactant mole- Figure 4a shows the viscosity, η, of the 5％ C 12 G 2 /ethylbenzene＋water system against shear rate at different concentrations of water as obtained from steady-shear rheological experiments. The viscosity is independent of applied shear rate showing that these samples behave like Newtonian fluids. A monotonous increase of zero-shear viscosity, η 0 , with water concentration further suppors the water induced micellar growth supporting the SAXS data. Fig. 5 shows effect of temperature on the micellar struc- Fig. 4 (a) Viscosity against shear rate curves for the 5% C 12 G 2 /ethylbenzene system at different concentration of H 2 O at 25℃ as obtained from steady-shear rheological measurements, and (b) the corresponding zero-shear viscosity, η 0 . ture of the 5％ C 12 G 2 /ethylbenzene＋0.8％ water system. As it can be seen in Fig. 5a , increasing temperature decreases low-q scattering intensity providing an evidence of micellar shrinkage, which is supposed to be caused to dehydration of added water. The p （r） curves clearly shows a decrease in the maximum dimension of the reverse micellar core, D max see Fig. 5b . Note that the D max decreases ca. 12.0 to 6.5 nm; micelles shrunk by ~ 45％, upon increase in temperature from 25 to 75℃. Minute observation of normalized p （r） curves presented in Fig. 5c shows that increasing temperature not only decreases the D max but also the r max . The master plot shown in Fig. 5d represents that increase in temperature tends to favor ellipsoidal prolate-to-sphere type transition in the reverse micellar structure, which can be judged from a small tailing in the higher-r ＊ in particular at higher temperature providing all the curves on top of each other in the lower-r ＊ regime.
Effect of temperature
Direct cross section analysis has also been performed on a water incorporated system as a function of temperature. Figure 6 shows p c （r） and Δρ c （r） for the 5％ C 12 G 2 /ethylbenzene＋0.8％ water system at 25, 40, 50, and 75℃. Here again p c （r） curves represent typical homogeneous aggregate structure. The maximum cross section diameter, D c max , decreases ca. 3.77 to 3.20 nm with increasing temperature from 25 to 75℃ （see Fig. 6a） . Similarly maximum core radius （R c max ） estimated from the Δρ c （r） profile decreases ca. 1.88 to 1.58 nm. This result in combination of water addition result suggest that one can have a flexible control over the micellar shape, size, and structure either by adding water or increasing temperature. By the proper check and balance of these parameters one can formulate shape-and size-controlled reverse micelles as required depending on the purpose of practical application.
Geometrical model fittings were performed for which densities of the 5％ C 12 G 2 /ethylbenzene＋0.8％ water at Figure 7 shows the results obtained from GIFT method and model fittings, where only a homogeneous ellipsoidal prolate model could fit the experimental scattering data. Geometrical parameters obtained from the model fittings are presented in Table 3 , which shows that all the geometrical parameters, short axis （a） , and long axis （b） of ellipsoidal prolate, radius of gyration （R g ） , and aggregation number （N agg ） of the water incorporated reverse micelle decrease upon heating. N agg decreases from 405 to 205 with increase in temperature from 25 to 75℃. These results very well supports to our previous findings 38-40） . In Table 4 , we present the structure factor parameters obtained from the results of GIFT evaluation of the SAXS data. We note that effective volume fraction of surfactant decreases upon heating. This demonstrates temperature induced dehydration of surfactant molecule. The interaction radius seems apparently unchanged within the studied temperature range although both the short and long axis of the ellipsoidal prolate as obtained from model fittings decrease with increase in temperature.
Temperature induced micelles shortening could be explained as follows. First, an increase in temperature promotes interpenetration of solvent molecules into the surfactant chain so that effective cross-sectional area of hydrophilic moiety of surfactant decreases as a result cpp increases. Second, increasing temperature increases the lipophilicity of the surfactant so that effective hydrophobic volume of the surfactant chain increases and eventually micellar curvature tends to be more negative. Finally, increase in temperature may dehydrate headgroup of surfactant and consequently the effective cross-sectional area of hydrophilic headgroup decrease. As a result cpp increases promoting micelle shortening.
Conclusions
In this paper we have investigated how water modulates the microstructure of biocompatible nonionic diglycerol monolaurate （C 12 G 2 ） reverse micelles formed in an aromatic liquid ethylbenzene. The structural characterization has been performed using small-angle X-ray scattering （SAXS） and rheometry. The SAXS data have been evaluated by generalized indirect Fourier transformation （GIFT） method. The results obtained from the GIFT method are very well supported by geometrical model fittings. We found that the C 12 G 2 self-assembles into ellipsoidal prolate type micelles in ethylbenzene and solubilize 0.8％ water at 25℃ causing a huge increase in micellar size and micellar aggregation number, N agg . Size of the water incorporated （0.8％） micelle is about 3 times bigger than the empty micelles and N agg increases from 44 to 405, which is further supported by rheology data. Increase in water increase viscosity due to micellar growth. On the other hand, an increase in temperature of the system decreases the micellar size. The water induced microstructure transformations could be explained in terms of critical packing parameter. 
